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PREFACE 


This report is published to improve the understanding of Great Lakes bluff 
recession and the factors controlling it. It is the final report of a 4-year 
study of 17 profile lines located along the eastern shore of Lake Michigan. 
The work was carried out under the coastal processes program of the U.S. Army 
Coastal Engineering Research Center (CERC). 


The report was prepared by William A. Birkemeier, Hydraulic Engineer, 
under the supervision of C. Galvin, former Chief, Coastal Processes Branch, 
and C. Mason, Chief, Field Research Facility Group. 
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students of Western Michigan University. The final period of data (October 
1973 to December 1974) was collected by E. Tompkins and a surveying party from 
U.S. Army Engineer District, Detroit. Their efforts are commendable because 
of the difficulty involved in monthly surveying of the complex and steep 
terrain which borders Lake Michigan. 


P. Pritchett and M. Czerniak (both formerly of CERC) assisted in the data 
editing and analysis. Reviews by Dr. D.L.e Harris, Ce Mason, and E.B. Hands of 
CERC; C. Johnson of the U.eS. Army Engineer Division, North Central; the 
Engineering Division of the Detroit District; C. Kureth of the Traverse Group; 
and Dre ReA.e Davis of the University of Florida contributed greatly to 
improving the final report. 


Comments on this publication are invited. 


Approved for publication in accordance with Public Law 166, 79th Congress, 
approved 31 July 1945, as supplemented by Public Law 172, 88th Congress, 
approved 7 November 1963. 
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1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
use formula: C = (5/9) (F -32). 


To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15. 


COASTAL CHANGES, EASTERN LAKE MICHIGAN, 1970-74 


by 
William A. Birkemeter 


I. INTRODUCTION 


Dramatic erosional changes along the shorelines of the Great Lakes (Fig. 
1), which occurred during a rise in lake level from a low in 1964 to a peak 
level in 1973, sparked renewed interest in understanding and predicting the 
processes involved. An investigation of these changes began, under contract 
with the U.S. Army Coastal Engineering Research Center (CERC), in August 1970 
with a series of monthly surveys of the 1/7 profile lines shown in Figure 2. 
The investigation continued until December 1974. 


Figure 1. Severe bluff erosion undermining lakefront home 
near Stevensville, Michigan (17 October 1976). 


Two reports published by CERC describe the results of the program up to 
July 1973 (Davis, Fingleton, and Pritchett, 1975; Davis, 1976). Davis, 
Fingleton, and Pritchett (1975) discuss the period between August 1970 and 
July 1972 and include background and environmental data, the location of the 
profile lines, the conditions at each line, the details of the monitoring 
program, as well as document changes from 1970 to 1972. Davis (1976) discus- 
ses the results from August 1970 to July 1973 and includes further background 
and environmental data, an air photo analysis of shoreline changes at the 17 
profile lines from 1938 to 1972, and an analysis of the offshore bar topog- 
raphy at each line. 


This report discusses both the final period of study (October 1973 to 
December 1974) and the combined data collected during the entire study, with 
primary emphasis on measurements of bluff recession. Section II defines the 
important terms used in the reporte Section III discusses the study area and 
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Figure 2. Index map showing profile locations. 


the primary processes which affect beach changes; Section IV discusses pre- 
vious research; Sections V and VI present an analysis of the beach profile and 
sediment data; and Section VII summarizes the results and presents recommenda- 
tions for future research.e Beach and bluff changes, which were computed for 
the final period of study only, are discussed in Appendix A. Representative 
ground photos plus documentation of each bench-mark location and a short dis-— 
cussion of each profile line are given in Appendix B. 


II. DEFINITION OF TERMS 


The analysis of the data includes discussions of the temporal and spatial 
changes to certain profile features including the bluff crest, bluff toe, 
shoreline, and waterline. These features, along with other important terms 
used are illustrated in Figure 3 and defined below. 


(a) Bluff crest - line along the bluff which divides active 
eroding bluff from stable bluff. Generally well defined in eroding 
bluffs. It tends to move up the bluff face, the steep part of the 
bluff, during periods of erosion. 
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Figure 3. Definition sketch. 


(b) Bluff recession - the amount of horizontal retreat of the 
bluff face (as used in this report; Davis, Fingleton, and Pritchett, 
1975; and Davis, 1976). This generally coincides with the movement of 
the bluff crest. In keeping with the convention used in the two pre- 
vious reports, the term bluff recession implies a negative (landward) 
movement of the bluff. 


(c) Bluff toe - the point of intersection between the steep bluff 
and flatter beach. 


(d) Waterline - the point of intersection between the lake and the 


beach at any given time. This feature changes with lake level. 
Waterline change refers to the movement of the feature between two 
surveySe 


(e) Shoreline - the point of intersection of the profile line with 
a constant vertical datum such as low water datum (LWD). Shoreline 
change refers to movement of the shoreline. 


Note.--Positive values of shoreline and waterline change indicate 
lakeward movement of the features; negative values, landward movement. 


(f£) Beach width - the distance between the waterline and the bluff 
toe during any one survey. 


(g) Foreshore - steep active part of the beach adjacent to the 
lake. 


(h) Backshore - flatter, less active section of the beach between 
the bluff toe and the foreshore. May be almost nonexistent on narrow 
beaches. 


(i) Profile volume - the volume per unit length of shoreline of 
the profile cross section above the vertical datum and lakeward of 
some horizontal point. Volume change refers to the change in profile 
volume between two surveys based on common vertical and horizontal 
bounds. 


(j) Erosion - the removal, by the action of natural forces, of 
material (negative volume) from the profile or from a section of the 
profile, e.g., bluff or beach. Similarly, accretion is an increase in 
volume (positive volume). 


III. STUDY AREA 


The 17 profile lines on the eastern Lake Michigan shoreline (Fige 2) cover 
approximately 310 kilometers with an average spacing of 19 kilometers between 
lines. As indicated in Davis, Fingleton, and Pritchett (1975), profile sites 
were selected according to location, year-round accessibility, and their vari- 
ety of coastal morphology and composition. Because of the glacial origins of 
the Lake Michigan basin, the geology is complex and highly variable along the 
shore. Consequently, each profile line has a unique combination of beach 
type, bluff composition, bluff height, wave climate, and _ shoreline 
orientation. General characteristics of each profile line are given in Table 
l. Figure 4 shows the general shape of each profile line and the changes 
which occurred during the final study period. 
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Because of the large distances between lines and the uniqueness of each 
line, they cannot be used to measure changes in the alongshore direction. In 
fact, Birkemeier (1980) found significant variations in bluff recession at 
points just 30 meters apart. The profile lines do, however, document in 
detail the temporal changes which occurred at each line. 


Important in describing erosion along the Great Lakes are the primary 
processes involved. These include variations in lake level, wave action, ice 
cover, and slope failure. The actual effect of each process or of combina- 
tions of the processes varies depending on the profile. 


1. Lake Level. 


The 1.43-meter increase in mean annual lake level from 1964 to 1973 was a 
primary reason for the initiation of this study. After peaking at 176.92 
meters above the International Great Lakes Datum (IGLD) in 1973, the lake 
level stabilized in 1974. The variation in mean annual lake level from 1950 
to 1974 is shown in Figure 5. Long-term fluctuations in water level correlate 
well with precipitation though there is some phase lag (Seibel, 1972). Be- 
cause the long-term changes are not cyclic, they are difficult to predict. 
Cohn and Robinson (1976) attempted to predict lake levels through Fourier 
analysis of historic records between 1860 and 1970. They were able to 
determine prominent cycles of 1, 8, 1l, 22, and 36 years. The model correctly 
predicted the rise in lake level between 1970 and 1975 and forecasted a 
general decrease in levels between 1975 and 1980. 
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Figure 5. Annual average of Lake Michigan water level as recorded 
at Ludington, Michigan, from 1951 to 1978 (IGLD). 


Seasonal fluctuations are more regular, varying about 0.34 meter from a 
winter low level to a peak level in the summer. Monthly lake level changes 
during the study, as well as the maximum and minimum daily levels recorded 
each month at Ludington, Michigan, are shown in Figure 6. Lake level varia- 
tions cause an immediate movement of the waterline by either “drowning” or 
uncovering the beach which, depending on beach slope, can have an important 
effect on beach width. Moreover, higher lake levels permit wave action to 
reach higher elevations and to undercut the bluff. 
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Figure 6. Monthly mean Lake Michigan water levels at Ludington, Michigan. 


2. Lake Ice. 


Lake ice, which builds up along the shore during the winter months (Fig. 
7), provides valuable beach protection which offsets the effects of winter 
storms. The period and the amount of ice coverage vary both yearly and with 
location. Ice tends to develop in late December and persists into March. 


A thorough analysis of the development, buildup, and eventual disappear- 
ance of shore ice during the 1973-74 winter was done by Seibel, Carlson, and 
Maresca (1975) in conjunction with the construction of the Donald C. Cook 
Nuclear Power Plant in Berrien County, Michigan. Davis (1973) also discussed 
lakeshore ice. 


3. Storms. 


Storms that affect the study area generally move through the Great Lakes 
from west to east. The combination of this path and counterclockwise circu- 
lation produces strong winds from the north and northwest usually following 
passage of the storm. Seibel (1972), Maresca (1975), Davis (1976), and others 
have investigated in detail the wind and wave climate of the study area and 
the characteristics of the storms which affect the eastern shore of Lake 
Michigan. 


Seibel (1972) determined that the average annual number of low-pressure 


storm systems, regardless of magnitude, was about 43, although the number 
varied from a low of 31 storms to a high of 67 storms (from 1938 to 1970) with 
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Figure 7. Shore ice at profile line 11, 4 January 
1974. Note the two lines of ice ridges. 


most storms occurring between November and April. In determining bluff reces- 
sion, the number of storms did not appear to be as important as the intensity 
of individual storms. 


One of the most significant storms during the study period occurred on 17 
and 18 March 1973. This storm caused some of the highest sustained winds of 
the study period with winds at Muskegon, Michigan, averaging 41 kilometers per 
hour from the northwest for 2 dayse No severe storms were recorded during the 
final study period, October 1973 to December 1974 (Johnson and Hiipakka, 
1976). This fact had a major effect on the beach changes as is discussed in 
Section V. 


4. Waves. 


Visual observations of waves along eastern Lake Michigan were reported in 
Bruno and Hiipakka (1973) and by Birkemeier (1980). Figure 8 shows the sea- 
. sonal variations in breaking wave height and period for the three locations 
identified in Figure 2. The data represent daily visual observations (except 
for ice cover periods) between November 1971 and October 1975. Data were 
primarily collected by park rangers with varying consistency (a complete 
record consists of about 1,100 observations per station). Data collection was 
discontinued when lake ice developed and was not resumed until some time after 
ice breakupe Consequently, there were few observations in early spring, par- 
ticularly during March. This is unfortunate since, as is shown in Section V, 
the amount of bluff recession peaks both before and after the period of ice 
cOvere 


The data show a consistent increase in wave height and period at each 


location, beginning in late spring or summer and peaking in November or 
Decembere A seasonal trend was also found in Resio and Vincent's (1976) 
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Figure 8. Variation in average monthly breaking wave 
statistics for three eastern Lake Michigan 
locations, November 1971 to October 1975. 


hindcasted design wave data for the study area. They computed design wave 
heights and periods for waves from three directions, for each season, and for 
return periods of 5, 10, 20, 50, and 100 years. The highest calculated waves 
were found to occur during the winter season (January, February, and March). 
This indicates that the March data, shown in Figure 8, probably underestimate 
the actual wave heights. It also underscores the combined importance of storm 
occurrence and ice breakup on bluff recession. 


5- Slope Failure. 


Bluff erosion is a two-step process--erosion of the base of the bluff by 
wave action, followed by gravity failure of the bluff slope. This process 


results in new material being deposited at the base of the bluff continuing 
the cycle. 


The basic mechanisms for slope failure are falls, rotational slumps, and 
soil flows (Chieruzzi, and Baker, 1958). Falls occur when rocks or blocks of 
bluff material are undercut enough to drop on the beach. This type of action 
occurred at profile line 13. Rotational slumps are the result of shear fail- 
ure along a “slip circle” (Edil and Vallejo, 1976), causing a major movement 
of the bluff face or some section of it. This type of failure was important 
at profile line 17 (see photo in App. B). Soil flow generally occurs when 
ground water saturates a clay bluff, increasing the specific weight and reduc- 
ing the internal shear stress (Carter, 1976). This mechanism may also be 
important at profile line 1/7. 
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IV. PREVIOUS STUDIES 


Powers' (1958) comprehensive study on Lake Michigan classified the entire 
shoreline according to geomorphology, based on bluff type, composition, and 
height. Powers also measured bluff recession around the lake. Of 134 meas- 
urement stations, 124 eroded an average of 0.45 meter per year; 4 had no 
change; and the remaining 6 accreted an average of 0.48 meter per year. 
Forty-four of the measurement points are located within the area covered by 
the 17 profile lines. Two locations experienced a net accretion while the 
remaining 42 eroded. The average change for all 44 locations was -0.38 meter 
per year. Periods of coverage varied from 20 to 127 years with some data as 
early as 1830. Powers recognized lake level fluctuations, severe storms, and 
manmade structures as being the primary factors affecting the recession date. 
However, he noted that his measurements were insufficient to quantify the 
relationship between lake level and bluff recession. Powers' report also 
included a summary of studies conducted as early as 1864. 


Seven of Powers’ eastern Lake Michigan sites were resurveyed in 1973 by 
Buckler and Winters (1975). Of the seven sites, three had stabilized since 
1956, while two were retreating at similar rates and two at higher rates. 
They found no pattern between retreat rates and bluff composition and hypoth- 
esized that other factors were more important. 


Seibel (1972) used aerial photos to examine bluff recession since 1938 at 
four Lake Michigan and two Lake Huron locations. He also examined the 
relationship between lake level and precipitation and between lake level, 
storm frequency, and bluff recession. He determined linear relationships 
between average lake level and bluff recession for each of the six sites. One 
of the significant conclusions reached by Seibel was the importance of 
infrequent severe storms in controlling the rate and amount of bluff 
recessione 


Because lakeshore property values and insurance costs may be linked to 
the recession rate in an area, there is considerable interest in predicting 
future bluff lines for at least the mortgage life (typically 30 years) of a 
structure. Jannereth (1974) described the State of Michigan's effort to do 
this using 1938 and 1974 aerial photos. The results, published by the 
Michigan Department of Natural Resources (1975), are a series of maps of the 
Lake Michigan shoreline identifying high-risk erosion areas. A minimum set— 
back line equal to 30 times the annual recession rate was computed for each 

“arede A recommended setback line was also determined by adding 9 meters to 
the minimum setback value. The highest recession rate (1.9 meters per year) 
was measured just south of South Haven, Michigan (between lines 13 and 14 in 
Wale » Z2))6 


Tanner (1975) analyzed air photos of bluff recession in Berrien County 


near the Donald C. Cook Nuclear Power Plant. He proposed an exponential 
relationship between bluff retreat and lake level, wave characteristics, and 
other unspecified parameters. The existence and movement of a series of 


southward-moving "beach pads" (or rhythmic undulations in the shoreline) was 
described. The distance between pads averaged 45 meters, and the pads moved 
51 meters during the ice-free season. Tanner postulated that the pads serve 
as a mechanism for offshore sand transport with material being directed 
diagonally offshore along the edge of the pads. 
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Fox and Davis (1970a) and Davis and Fox (1971) reported on a 30-day period 
of monitoring environmental processes and shore response on Lake Michigan near 
profile line 16. During this period a major storm with maximum breaker 
heights of 1.8 meters caused significant beach changes (Fox and Davis, 1970b). 
Fox and Davis (1971) and Davis and Fox (1971, 1972) reported on a similar 
study at profile line 11 near Holland, Michigan. Results from these two 
studies were used to develop a computer simulation model of coastal processes 
(Fox and Davis, 1972, 1973). 


Maresca (1975) studied both long- and short-term changes to a shoreline 
reach south of the present study area. He determined long-term recession 
rates using aerial photos from 1950, 1955, 1960, 1967, and 1973. Short-term 
changes were determined by monitoring eight storms between August and December 
1973. The data collected included beach and bluff profiles surveyed at 15- 
meter intervals along the shore. Maresca documented the importance of storms 
and found considerable variations in recession rate between closely spaced 
profile lines. 


Armstrong, et al. (1975), under contract to the U.S. Army Engineer 
Division, North Central, prepared an extensive assessment of erosion and 
flooding damage which occurred during the 1972-74 high water period. The 
initial study included only Muskegon and Manistee counties, but the study was 
later expanded to include all Michigan counties. 


Berg and Collinson (1976) presented a thorough analysis of bluff recession 
including volumetric losses for the Lake Michigan shore of Illinois. They 
determined that a lake level in excess of 176-5 meters IGLD is needed for 
significant bluff recession. In addition, bluff recession lags behind an 
increase in lake level because of the protection offered by well-developed 
beaches and vegetation. Similarly, as lake levels fall, recession continues 
until the bluffs are revegetated. 


A number of studies have also been done on the offshore bar system, an 
important feature of the lakeshore bathymetry. Davis and McGeary (1965) 
discussed the nearshore bar system near Stevensville, Michigan, identifying 
the first two bars and their composition. During a 3-month summer period 
(June to August 1963) they found bar features relatively stable. The first 
bar was located at a 1.l-meter depth about 99 meters from shore; the second 
bar at a 2.4-meter depth was 229 meters from the shoreline. 


Saylor and Hands (1970) and Hands (1976) discussed the influence of 
increasing lake levels on the shoreward movement of the bar system. Hands 
(1979) presented a linear relationship between increases in water level and 
mean shore retreat. The relationship is based on observations of shore 
movement during periods of 2 to 8 years when the lake level rose rapidly then 
began to decline. Although based on measurements taken along a 50-kilometer 
stretch of shore in three counties (Mason, Oceana, and Muskegon), the 
relationship is proposed as an empirical guide for estimating the mean shore 
retreat which might be expected to occur simultaneously with, and as a result 
of, water level changes at locations with similar geomorphic and environmental 
conditions. Hands (1980) presents a more comprehensive model for estimating 
the ultimate shore retreat necessary to eventually reestablish an equilibrium 
sand profile, based on conservation of sediment volumes. The approach permits 
explicit accounting for local sediment characteristics, wave exposure, and 
geomorphology. 
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Variations in sediment characteristics along the study area were studied 
by Hulsey (1962). He collected beach sediments at three locations across the 
beach at 6-kilometer intervals along 360 kilometers of the eastern Lake 
Michigan shoreline. Samples were collected in 1960 and 1961 during a minor 
peak in lake level preceding the 1964 low level (see Fig. 2). Beach and 
nearshore sediments south of Muskegon were studied by Cote (1967). 


Gray and Wilkinson (1979), using bluff recession data from Seibel (1972), 
examined the effect of nearshore lithology on the rate of bluff recession. 
They found that alongshore variations in bluff recession rates correlated with 
alongshore variations in bathymetry and morphology of the nearshore zone. In 
an area of low long-term recession rates they found an offshore profile devoid 
of the common two or more longshore bars typical of high erosion areas. More- 
over, the surface was composed of coarse sand and large boulders. Gray and 
Wilkinson also found that lateral variations in the nearshore morphology 
correlated well with lateral changes in the lithology of the bluff material. 


Ve PROFILE LINE CHANGES 


1. Description of the Data. 


Each of the 17 profile lines (Fig. 2) was surveyed at roughly 4-week 
intervals for a total of 56 surveys. (In October 1973 an additional profile 
line (15A) was established 6/7 meters north of profile line 15 because of an 
adjacent seawall. No surveys were made of profile line 15 between October and 
December 1973. Both lines 15 and 15A were surveyed until December 1974. Only 
the original profile line 15 is discussed in this reporte) The actual survey- 
ing dates are listed in Table 2. The data between August 1970 and September 
1973 were collected, using the Emery surveying method (Davis, Fingleton, and 
Pritchett, 1975; Davis, 1976), and vertically referenced to the lake level 
during the first survey (176.6 meters, IGLD). 


Table 2. Survey dates. 


Pit in mY S| 
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19-20} 20-21 


The Emery method is a fast and inexpensive surveying method. Two people 
use two graduated 5-foot poles and the horizon to measure the distance and the 
change in elevation between adjacent survey points. Because the accuracy of 
each survey point in this method depends on the accuracy of the previous 
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point, the accuracy tends to decrease with distance, and large elevation 
errors are possible (Czerniak, 1973). Each survey began near the bluff crest, 
so errors should be greater for points on the beach than for those on the 
bluff line. 


Surveying after September 1973 was done by transit and tape. Elevations 
were recorded to the nearest tenth of a foot, and distances were measured to 
the nearest foot. Because of the height of the bluffs on profile lines 2, 13, 
and 14, stadia readings were used to determine both distance and elevation. 
Vertical datum was changed from that used by Davis (1976) to low water datum 
(LWD) equal to 175.81 meters IGLD. Each profile line was surveyed from the 
bench mark, or from a point landward of the bench mark, to wading depth or to 
the edge of the ice cover. 


Because of the severe erosion at some of the profile lines during the 
’study, bench marks were occasionally lost and had to be reset. Usually, this 
required simply placing an auxiliary bench mark landward of the original one 
before the loss actually occurred. However, in some instances, the original 
monument was lost before the auxiliary monument was installed. When this 
occurred, both horizontal and vertical control had to be reestablished. 


Vertical control was established from the lake level the day the auxiliary 
bench mark was placed.e Once the lake level was determined from a nearby gage, 
the data were corrected to the same datum as the original bench marke Hori- 
zontal control was more difficult to establish. This was accomplished by 
estimating the distance between the location of the original monument and the 
auxiliary one. 


The accuracy of this procedure was questionable, particularly during the 
Davis surveys when monuments were placed on the bluff face and the Emery 
method was used to reestablish control. The problem was most acute between 
the end of the Davis surveys in July 1973 and the beginning of the U.S. Army 
Engineer District, Detroit, surveys in October 1973. Although original bench 
marks were used where possible, the vertical datum was changed and new verti- 
cal control was established. Similar problems also existed at some profile 
lines between the two periods of the Davis surveys (August 1970 to July 1972 
and August 1972 to July 1973). 


The importance of this surveying problem is that, because of the inaccura- 
cies and the lack of a stable bench mark at some profile lines, there is not a 
reliable continuous record of profile line changes. Also, the data, which are 
available at CERC, had to be stored in three separate files, one for each 
study period. Consequently, changes to some of the profile features, such as 
the shoreline, cannot be examined over the entire study period. Only monthly 
amounts of bluff recession, which are less sensitive to vertical control 
errors, are examined in detail over the entire period (August 1970 to December 
1974). Annual volume changes are also discussed.e Monthly volume and shore- 
line changes, which can only be examined for October 1973 to December 1974, 
are discussed in Appendix A. 


2. Bluff Recession and Volume Change Measurements. 


Monthly amounts of bluff recession for each profile line are tabulated (in 
feet) and summarized in Table 3. Measurements from August 1970 to July 1973 
are from Davis (1976). English units have been used because the data were 
originally collected to an accuracy of the nearest foot. Figure 9 is a 
histogram of the data in Table 3. 
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Table 3. Monthly bluff recession (in feet), eastern Lake Michigan, August 1970 
to December 1974. 
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Table 3. Monthly bluff recession (in feet), eastern Lake Michigan, August 1970 
to December 1974.--Continued 
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Figure 9. Bluff recession by profile line and survey. Solid vertical lines separate 
calendar years; dashlines identify months of peak recession for all lines. 
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During the 52-month study period, the average recession per profile was 
10.8 meters for an average recession rate of 2.5 meters per year. The total 
amount of recession varied considerably between profile lines, as shown in 
Figure 10. The median amount of recession, 10-1 meters, was slightly less 
than the mean. Profile line 4, which has a 7-meter-high sand bluff, retreated 
the most, losing 19.5 meters with most of the loss occurring in 1972. In con- 
trast, the till bluff at profile line 13 lost only 0.9 meter. 
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Figure 10. Cumulative amount of bluff recession for each 
profile line. 


It is apparent in Figure 9 that bluff recession occurs in varying quanti- 
ties over discrete periods of time (shorter in fact than the l-month period 
between surveys); however, the data reveal no distinct patterns. Though there 
was erosion at every profile line during the study, there were no survey 
periods when every profile eroded. In fact, the greatest number of eroding 
profiles during any month was 11, between March and April 1973. This coin- 
cided with the 17-18 March 1973 storm discussed in Section III. There were, 
however, two ice-free periods (August 1971 and August 1973) when none of the 
profile lines eroded, even though lake levels were at or near seasonal peaks. 


As mentioned previously, annual bluff and beach volume changes for the 
first 3 years of study were computed by Davis (1976), relative to the lake 
level during his first survey (176.6 meters, IGLD). These data are given in 
Table 4 along with similarly computed data for the year from October 1973 to 
September 1974 and for the 3-month period from October to December 1974. 
Total changes are plotted in Figure 1l. Average total volume change was -35.0 
cubic meters per meter of shoreline. Because of the different bluff heights 
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Table 4. Annual bluff and beach volume changes 


Profile | Aug. 
line to 


17 


Standard 
deviation 


Median 


(in cubic meters per meter).! 


1970 | July 1971 | July 1972] Oct. 1973 Sept. 
° ° o ° Total 
July 1971 | July 1972 | July 1973 | Sept. 1974 | Dec. 1974 
-12.5 -20.1 1.3 0.8 -33.0 
-2.5 -5.0 -1.4 -6.7 -13.1 
-10.0 -15.1 -4.8 -2.3 -42.2 
-37.6 -45.2 5-6 0.6 -91.7 
2-5 2.5 -4.2 1.4 =17,.9 
-5.0 -10.0 -21.0 2.1 -26.4 
0) oye) -7.5 8.7 -16.4 
2.5 Pics) -31.8 -0.3 —Siieil: 
-5.0 -17.6 -9.0 (0) -39.1 
-7.5 
-5.0 
-2.5 
5.0 
os) 
-12.5 
2.5 
-12.5 


-2.5 -5.0 


2Actual period: December 1973 to September 1974. 
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Total volume change for each profile line, 
August 1970 to December 1974. Vertical datum 
is 176.6 meters IGLD, as used by Davis (1976). 
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and beach widths between profile lines, there are some interesting differences 
between Figures 10 and ll. For example, profile line 16, which was only 
seventh highest in bluff recession, was second in volume eroded. 


Profile lines 4 and 16, which lost the greatest volumes, are both located 
within the influence of a shore protection structure. Davis, Fingleton, and 
Pritchett (1975) attributed the high amount of bluff recession in 1972 at 
profile line 4 to a nearby seawall. The dramatic increase in bluff recession 
and volume loss in 1974 at profile line 16 was attributed to a 579-meter-long 
seawall completed during the study (Birkemeier, 1980). Because these two 
profile lines were locally affected, they were separated from the remaining 
profile lines and are discussed in Section V, 4. 


3. Lake Levels and Storms. 


Birkemeier (1980) found that the average rate of bluff recession from 
November 1970 to November 1974 correlated well with the occurrence of storms 
and correlated inversely with the seasonal variation in lake level. The study 
area was a 1.6-kilometer reach of beach located north of profile line 16. 
This finding is supported by the present study which includes more frequent 
measurements over a larger area during approximately the same time period. 
This same relationship is shown in Figure 12, which graphs the combined total 
bluff recession by year and month for 15 profile lines, excluding lines 4 and 
16. Note that peak bluff recession occurs just before and after ice breakup. 
Minimum recession occurs during the ice cover period and during the summer 
months. 
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Figure 12. Cumulative bluff recession for 15 profile 
lines (excluding 4 and 16), by month and year. 
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The importance of individual storms can be seen in Figure 13, which 
illustrates with respect to time the variation in (a) total bluff recession 
(for the 15 profile lines), (b) average and annual lake level, and (c) stormi- 
ness. Storminess is defined as the sum of the average daily windspeed between 
two surveys when the wind was onshore (wind direction <1l0° or )>170°) and 
greater than 29 kilometers per hour (recorded at Muskegon, Michigan). This 
definition, though arbitrary, is based on the assumption that most bluff 
recession occurs during stormy periods with high onshore winds. Note that 
storminess appears somewhat insensitive to major storms such as the March 1973 
storm. 


Figure 13 shows that peak amounts of bluff recession occur during periods 
of seasonal minimum lake levels and maximum storminess. For the 40 ice-free 
surveying periods (as shown in Table 3, April to January), the correlation 
coefficient resulting from a simple linear regression between storminess and 
bluff recession was 0.50 (significant at the l-percent level). Although the 
study period was too short to adequately evaluate the effects of long-term 
lake level changes, the greatest shift in average lake level occurred between 
1972 and 1973, which corresponded to the period of greatest bluff recession. 
The storminess of this period was, however, not significantly different from 
other storm periods. 


4. The Effect of Structures. 


As mentioned previously, the anomalously high recession measured at pro- 
file lines 4 and 16 appeared to result from the effect of local shore protec- 
tion structures. Six of the remaining 15 profile lines are also located near 
structures though the effects were less apparent. 


Davis, Fingleton, and Pritchett (1975) attributed their 1972 measurements 
of high recession (and volume loss) at profile line 4 to the sheet-pile sea- 
wall located less than 200 meters to the north; however, this erosion unex- 
plicably stopped in 1973 and the area remained stable through the end of the 
study (see Fig. 9). 


Somewhat more interesting and better documented is the situation which 
occurred at profile line 16. Until December 1973, this profile line had been 
one of the most stable, receding only 2 meters since August 1970. Then in 
1974, the line lost 9.8 meters of bluff, an amount equal to 28 percent of the 
total recession recorded for all 17 profile lines during 1974. 


Birkemeier (1980) attributed this dramatic increase in recession to the 
579-meter seawall constructed 275 meters updrift (north) of profile line 16. 
After the seawall was completed in November 1971, the rate of erosion in- 
creased at the downdrift (south) end of the seawall, eventually forming a 
crescentic-shaped cute This cut lengthened, reaching profile line 16, in late 
1973. The bluff receded during 8 of the last 12 months of study. 


The erosion at profile line 16 has continued. A field trip to the area in 
October 1976 found two large precast concrete seawalls placed at the base of 
the bluff across the profile line and a number of sandbag proins placed along 
the shore farther to the south. Both are evidence of further erosion. 
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Profile line 8 also experienced relative stability during the early years 
and considerable recession during 1974 (see Fig. 9). A possible cause was the 
concrete “road debris” revetment placed just north of the profile line where 
the road bends very close to the lake. The recession at profile line 8 con- 
tinued after December 1974, with an additional loss of 4 meters recorded in 
May 1976 during a field trip to the area. 


5. Bluff Composition. 


If the average volume changes given in Table 4 are recomputed without pro- 
file lines 4 and 16, they provide some insight into the effect of bluff compo- 
sition. The average volume lost by the 15 profile lines was 27.8 cubic meters 
per meter, which is almost equal to the median amount of 28.1 cubic meters per 
metere 


Of the three profile lines with till bluffs (13, 15, and 17), only profile 
line 13 eroded less than the mean volume, while profile line 15 eroded the 
most of all 15 profile lines. The three profile lines with mixed sand and 
till (5, 7, and 10) all eroded an amount nearly equal to or less than the 
meane 


Although on the average, till or mixed sand and till bluffs appear to 
erode less than pure sand ones, the data are inconclusive. Profile line ll, 
which has a low sand bluff, eroded the least of all profile lines, followed 
closely by the sand bluff at profile line 2. Any clear difference between the 
erodibility of sand and till bluffs is probably obscured in other factors; 
eog-, differences in ground waterflow, vegetation, offshore bathymetry, and 
wave climate between profile lines. 


VI. BEACH SEDIMENTS 


During the last 15 months of surveys (October 1973 to December 1974), ex- 
cept when ice prevented it, surface sediment samples were collected from the 
beach face (foreshore) and from the base of the dune or bluff (backshore) at 
each profile line. Because the beach sediments are glacial derived, they 
include a wide range of sediment sizes from fine silt to coarse pebbles. This 
variation in sediment size is obvious in the photo of the beach at profile 
line 2 (Fig. 14). 


In order to better understand the nature of the sediments, an attempt was 
made to collect representative surface samples. This differed from Davis, 
Fingleton, and Pritchett (1975) and Davis (1976) who collected and reported 
only on sand-size sediments. A total of 246 foreshore and 273 backshore sam- 
ples were collected. The laboratory analysis consisted of (a) wet sieving the 
silt (less than 0.062 millimeter) from samples with significant silt content, 
(b) dry sieving the remaining sample into sand (between 2.0 and 0.062 milli- 
meter) and gravel (greater than 2.0 millimeters) fractions, (c) computing the 
dry weight of each size fraction, and (d) using a visual accumulation tube to 
obtain the size distribution of the sand. ‘In addition, a visual estimate was 
made of the percentage of heavy minerals in the sand fraction. The sand-size 
distribution was plotted to graphically determine the “median sand size.” 
Median sand stze is defined as the size (in millimeters) that divides the sand 
fraction so that half, by weight, is coarser than the median size and half is 
finer. 
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Figure 14. The beach at profile line 2, showing the 
wide range of sediments (May 1973). Note 
bands of pebbles on the foreshore and 
heavy minerals along the backshore. 


Because of the varied nature of the sediments and the difficulty in 
collecting truly representative samples, the data were interpreted by simple 
averaging of the sediment data by month and by profile. To eliminate any 
seasonal bias in the results, annual averages were computed for each profile 
line by first computing an average for all the samples from the same month 
(eege, October 1973 and October 1974) and then by averaging the 12 monthly 
averages. Table 5 summarizes the sediment statistics for each profile line. 


An examination of the median sand size revealed that the foreshore was 
coarser than the backshore in 92 percent of the available foreshore-backshore 
sample pairs. This is obvious in Figure 15, which is a histogram of the 
median sand sizes given in Table 5. The median size of the backshore samples 
varied more smoothly alongshore than did the foreshore samples. The average 
median sand size for the foreshore was 0.42 millimeter though it varied from 
0.30 millimeter at profile line 9 to 0.68 millimeter at profile line 13. The 
median for individual samples varied even more, from 0.15 to 1.05 millimeters. 
The average range in median foreshore sand size between profile lines was 0.30 
millimeter. 


Backshore samples were more uniform and finere Average median sand size 
was 0.29 millimeter (0.13 millimeter less than the foreshore), varying only 
from 0.24 millimeter at profile line 13 to 0.36 millimeter at profile line 
1. The range in average median size of backshore samples (0.11 millimeter) 
was less than the range for the foreshore samples. 


Though it seldom actually occurred, an idea of the typical composition of 
foreshore and backshore sediments is given in the line of average values at 
the bottom of Table 5. A composite foreshore sample consists of about 24 
percent gravel, /6 percent sand, and less than 1 percent silt. The backshore 
contains only 2 percent gravel, 84 percent sand, and 14 percent silt. Actual 
samples similar to these are shown in Figure 16. 
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Table 5. Sediment statistics summary, eastern Lake Michigan (October 
1973 to December 1974).! 


Profile Foreshore Backshore 


line Sand size (mm) Composition (pct by weight) Sand size (mm) Composition (pct by weight) 


ian 

2 . . . . 0.36 
0.32 
0.35 
0.28 
0.31 
0.26 
0.27 
0.32 
0.26 
0.25 
0.30 
0.28 
0.24 
0.29 
0.29 
0.28 


wo on nunFf WH & 
o 


a 
fF WN KF Oo 


~ 
Ww 

COMO MOmO ROMO MmOMOmO MOM On OMmO mn OMmOn ©. 

eh owiel et iech terete hie Lier mermeer: wre LewGel,- enter is 


Bey | 


1al1 values are annual averages of 12 monthly averages. Data taken in the same month (e-g-, October 1973 
and October 1974) were first averaged together. 


2This is the standard deviation of 12 monthly median sand sizes, not the average standard deviation of the 
sample distributions. 


[] Foreshore 


oe Y Backshore 


0.6 
0.5 
0.4 


0.3 


Median Sand Size (mm) 


0.2 


7a 


Profile Line 


Figure 15. Longshore variation in foreshore and backshore median 
sand size, eastern Lake Michigan. 
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PROFILE 17 
12 SEPT 74 


FORESHORE 


SAND 73.50% 
d = 0.725 

GRAVEL 26.45% 

SILT 0.05% 


PROFILE 15 
5 DEC 74 


BACKSHORE 


SAND 83.0% 
d = 0.282mm 
GRAVEL 3.0% 
SILT 14.0% 


Figure 16. Actual foreshore and backshore samples 
with content similar to the composite 
averages given in Table 5. 
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Sample composition was strongly related to bluff type. Almost pure sand 
was found on both the backshore and foreshore at profile lines 4, 6, 8, 9, ll, 
and 14, all of which are backed by sand bluffs. Similarly, only profile lines 
10, 13, 15, and 17, which have till bluffs, had high silt concentrations on 
the backshore (greater than 50 percent). 


While gravel was found in varying amounts at all profile lines, high and 
low concentrations were characteristic of specific lines. High percentages of 
gravel (geater than 40 percent) were found on the foreshore at profile lines 
1, 3, 5, and 13. Gravel concentration was not necessarily related to bluff 
typee For example, the beach at profile line 1 is covered with pebbles even 
though it fronts a sandy dune area (Davis, 1976). 


A not unexpected finding is the linear relationship between (profile 
average) sample gravel content and median sand size shown in Figure 17 for 
both the foreshore and backshore data from Table 5. 
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Grave! Content ( pct) 
Figure 17. Linear relationship between median sand size and percent 
gravel by weight. 


When the data are averaged’ monthly, as shown in Figure 18, the backshore 
median sand size is fairly uniform throughout the year. However, the fore- 
shore shows an increase during the fall months, peaking at 0.48 millimeter. 
This trend is similar though out of phase with the lake level variations. An 
examination of the variation for individual profile lines indicated that this 
seasonal increase occurred to some extent only at profile lines 2, 5, 8, 10, 
Typeand el Seasonal variations in sample content are also shown in Figure 
18. 


From the visual estimates of heavy mineral content, it was determined that 
heavy minerals, predominantly magnetite, were most commonly found on the back- 
shore. Only 6 percent of the foreshore samples had significant amounts of 
magnetite compared with 13 percent of the backshore samples. The average 
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visual estimated percentage (of the sand fraction) of heavy minerals was 35 
percent on the backshore and 1/7 percent on the foreshore. There were no 
obvious patterns of occurrence of heavy minerals either among profile lines or 
seasonally. 


This summary of the sediment characteristics does not fully reveal the 
complex nature of the beach sediments, particularly of individual samples and 
between profile lines. To facilitate further analysis, the original data have 
been compiled and placed in the CERC library (Birkemeier, 1981). 


VII. SUMMARY AND DISCUSSION 


This report has discussed the changes which occurred at 17 unique profile 
lines located along the east coast of Lake Michigan. Although the report is 
primarily a data report, the important factors affecting bluff recession, such 
as lake levels, storms, shore protection structures, and composition, have 
been analyzed. In general, the bluff line can be expected to respond to the 
different processes (if these processes could be isolated) as follows: 


(a) Lake level--Increasing lake level increases bluff recession. 
Decreasing lake level decreases bluff recession. Either trend should 
affect all profile lines. Rate of change may be important. 


(b) Storms--High rates of bluff recession during short time inter- 
vals, depending on storm duration and intensity, should affect all 
lines. Expect great variation’ between lines due to different orienta- 
tions, compositions, beach widths, and proximity to the storm path. 


(c) Shore protection structures--Varied but localized influence 
which affects individual profile lines. 


(d) Bluff composition--Varied but localized influence which 
affects individual profile lines. 


Although the available data are insufficient to isolate and quantify each 
of these relationships, they do provide some insight into the complexity of 
the bluff recession phenomena. For example, the dominant factor causing high 
erosion at profile lines 4 and 16 was their proximity to shore protection 
structures. The low recession recorded at profile line 13 appears to be due 
to its till composition. Ground waterflow may be a controlling factor at 
profile line 1/7. 


1. Summary. 


Long-term measurements like those of Powers (1958) and the Michigan 
Department of Natural Resources (1975) report bluff recession rates of 0.5 to 
2 meters (maximum) per yeare These low values tend to obscure the fact that 
the recession actually occurs in cycles of high and low recession ratese As 
discussed in Section V, 2, the average annual rate of bluff recession per 
profile between August 1970 and December 1974 was 2.5 meters per year, a value 
exceeding the highest long-term rate. At individual profile lines, the dif- 
ferences were even more dramatic. Profile line 4 retreated at an average rate 
of 4.2 meters per year, more than twice the highest long-term average, and in 
one instance retreated 6.1 meters between two surveys. 
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The amount of bluff recession increased steadily from the beginning of the 
study in August 1970 through 1973. Though this coincided with the increase in 
lake levels, the study period was too short to evaluate long-term lake level 
effects. Peak amounts of recession as shown in Figure 13 occurred during 
periods of intense storm activity. 


During the final period of surveys (October 1973 to December 1974), the 
lake levels stabilized, and there were few significant storms. Consequently, 
most of the profile lines began to stabilize. With respect to the other pro- 
file lines, the dramatic changes at profile lines 4 and 16 were anomalous dur- 
ing the study. In both cases, nearby shore protection structures appeared to 
be affecting the profile lines, dramatically increasing the rate of erosion. 


Although there was considerable variation in bluff recession between pro- 
file lines, a strong seasonal dependence is shown in Figure 12. Bluff reces- 
sion is high during late fall and early spring and low during the summer and 
during periods of ice cover. This variation is interesting because it is out 
of phase with the seasonal lake level variation but in phase with the annual 
storm cycle. The effect of storms would probably be greater if they occurred 
in phase with the seasonal fluctuations in lake level. This is an important 
consideration in planning lake level regulation, particularly if the current 
phase relationship between the storm season and seasonal lake levels is 
changed. 


The importance of storms was demonstrated 17-18 March 1973 when a major 
storm caused the bluffs at 11 of the 17 profile lines (65 percent) to erode an 
average 1.6 meters. This was not only the highest total amount of recession, 
but also the highest number of profile lines retreating between any two con- 
secutive surveys. 


In terms of volumetric losses, relative to the Davis (1976) datum (Table 
4), average change per profile from August 1970 to December 1974 was -35.0 
cubic meters per meter. Losses varied from -91./ cubic meters per meter at 
profile line 4 to only -/7.8 cubic meters per meter at profile line 1]. Aver- 
age volumetric losses followed the same trend as bluff recession, increasing 
from August 1970 to July 1973 and then decreasing between October 1973 and 
September 1974. No clear relationship between bluff composition and volume 
change was identified. 


From representative surface sediment samples of the foreshore and back- 
shore it was found that relative to the backshore, the foreshore had a coarser 
sand fraction and higher gravel concentrations. The foreshore also displayed 
greater variability in content both between surveys and between profile lines. 
Average median grain size for the sand fraction of the foreshore samples was 
0.32 millimeter versus 0.29 millimeter for the backshore. Other useful sedi- 
ment statistics are given in Table 5. 


2- Discussion. 


An important aspect of this and almost every study of Great Lakes erosion 
is the complexity of the problem and the variability of both the lakeshore and 
the processes. It appears that for every rule, there is an exception like the 
sand bluff at profile line 11 which eroded the least of all profile lines, 
including the seemingly more resistant till or mixed sand and till bluffs, or 
the six profile lines that did not erode during the 17-18 March 1973 storm. 
Though some of the anomalous results may be caused by poor profile line selec- 
tion or by surveying errors, for the most part they are probably real. 
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The surveying problem is an important one which had considerable impact on 
this study. A good series of surveys is composed of two parts: a stable sys-— 
tem of relocatable bench marks and accurate surveying. Accurate bluff survey— 
ing is difficult because, regardless of the method used, small errors in 
distance or elevation can lead to large errors in bluff and beach volumes. 
The following guidelines may be useful in planning a similar program of 
surveying: 


(a) Establish a series of bench marks for each line that extend 
from the most stable point above the active erosion to a primary bench 
mark about 100 meters inland, or farther. Tie the primary bench mark 
into local cultural features and into the state coordinate system. 


(b) In addition to surveying the active part of the bluff, occa- 
sionally survey the stable part of the bluff to the primary bench 
marke 


(c) Use the most accurate surveying method available. Probably 
the best method would be to use electronic distance measuring (EDM) 
equipment and a transit or theodolite. This would give precise dis-— 
tances and elevations without having to either move the instrument or 
read stadia intervals. 


(d) Keep careful notes as to the location of bluff crest, bluff 
base, waterline, and sand sample locations. Photos are also useful. 


It should be realized that although long-term measurements may not be planned, 
future researchers may want to reoccupy the profile lines. 


Two major improvements to the surveying program described here are needed 
to unravel the complexities of the processes. One is detailed wave data for 
each profile site, and the other is the inclusion of the alongshore dimension 
at each site. Instead of single profile lines, carefully selected reaches of 
lakeshore about 1 kilometer long should be studied. Daily wave and current 
data should be collected by visual observers. Detailed wave hindcasts would 
also be useful and would provide uniform wave data. 


In addition, detailed information on periods of ice cover is needed to 
identify. when ice prevents erosion. In areas where it is important, some 
measure of ground waterflow and its effect on the bluff is needed. 


Two different sets of data are needed--one which examines long-term 
changes over a complete lake level cycle, and short-term measurements to 
quantify the effects of storms. It is not sufficient to monitor beach changes 
just during peak lake levels. Measurements during transition periods and 
periods of low lake levels, particularly during major storms, are also 
needed. Long-term changes may best be studied by a series of regular annual 
or semiannual surveys or high-quality vertical air photos. 


This report and the two previous ones by Davis, Fingleton, and Pritchett 
(1975) and Davis (1976) have illustrated the complexity of Great Lakes shore 
processes. They are useful in characterizing the eastern Lake Michigan shore- 
line and in quantifying the changes expected during a period of peak lake 
levels. The reports have also identified the difficulties inherent in 
monitoring lakeshore changes and are therefore useful in planning future 
studies. 
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APPENDIX A 


PROFILE CHANGES BETWEEN OCTOBER 1973 AND DECEMBER 1974 


Because of the more reliable surveying procedures used, a detailed anal- 
ysis of the data collected during the final study period (October 1973 to 
December 1974) was possible. Cumulative changes were computed for beach and 
bluff positions and volume changes for each profile line. The datum used 
(176.88 meters, IGLD) was equal to the average monthly lake level for the 
period. Though the elevation of the beach varied from profile line to profile 
line, a constant upper elevation of 1.25 meters above datum was selected to 
facilitate volume computations. To ensure that only bluff face volume changes 
were being computed, volume computations were terminated at an elevation of 
13.75 meters above the datum. All active bluff crests were lower than this 
value. 


Total volume and shoreline changes for the period are given in Table A-l 
and plotted in Figure A-l. Average shoreline and volume change values were 
greatly affected by the changes at profile line 16. During the period, the 
shoreline of 9 of the 17 profile lines accreted an average of 2.2 meters while 
the remaining 8 lines eroded 7.3 meters. Average beach volume loss was -2.0 
cubic meters per meter but varied from 5.2 cubic meters per meter at profile 
line 11 to -29.1 cubic meters per meter at profile line 16. 


Table A-l. Total shoreline and volume 
changes: October 1973 to 
December 1974.! 


Total volume 

change 

(n3/m) 
1 0.9 2.4 3.3 
2 1.6 | -9.5 -7.9 
3 -5.2 -1.0 -2.6 -3.6 
4 3.2 4.7 0.8 5.5 
5 Zell Dalen se =n 
6 0.3 -0.3 | -17.7 -18.0 
7 0.6 2.1 -1.1 1.0 
8 -13.2 -9.6 | -25.8 -35.4 
9 1.4 0.7 | -10.0 -9.3 
10 -3.8 -6-1 | -10.3 -16.4 
11 601 5.2 2.8 8.0 
12 4.5 2.8 -2.7 001 
13 -4.3 -4.7 -8.8 -13.5 
14 -1.1 1.1 -6.2 -5.1 
152 -5.4 -3.7 | -20.2 -23.9 
16 -24.3 -29.1 | -43.6 -72.7 

1.5 -0.4 


2Actual period: December 1973 to September 1974. 
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Figure A-l. Total shoreline and volume change by profile 
line: October 1973 to December 1974. Vertical 
datum equals 176.88 meters, IGLD. 


In terms of bluff erosion, three profile lines (l, 4, and 11) accreted 
slightly though an amount less than 2.8 cubic meters per meter. This can be 
seen in Figure 4. The average change was -9.3 cubic meters per meter with 
profile lines 8 and 16 accounting for 44 percent of the total. Total volume 
changes averaged -11.3 cubic meters per meter and were well correlated with 
total shoreline movement (correlation coefficient of 0.93). 


Changes in these parameters with respect to time are shown in the plots in 
Figure A-2 (profile lines 1 to 17). Because features such as shoreline posi- 
tion could not be determined during the winter, changes for all the parameters 
during January, February, and March have not been shown. 
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Key to plots: All data are relative to a vertical datum of 176.88 meters 
CIGLD) or 1-07 meters above LWD. This datum, which is also the shoreline 
elevation, represents the average lake level during the period, October 1973 
to December 1974. To illustrate: the influence of changing lake levels, the 
distance to the contour equal to the average monthly lake level was computed 
and plotted as the waterline. Solid triangles represent periods when the 
beach was narrower or equal to the beach defined by the shoreline. Open 
triangles indicate wider beaches. The line marked “bluff” indicates the 
cumulative change in position of an elevation contour (given in parentheses) 
which represents the bluff crest during the first survey. Plotted positions 
of the shoreline, bluff line, and lake level are relative to the location of 
the shoreline during the first survey of each line. Beach volumes were 
computed above datum and below the 1.25-meter contour (or 177.13 meters IGLD). 
Bluff volumes were computed above 1.25 meters and below 13-25 meters. Volumes 
plotted represent cumulative changes. Because of ice cover, data collected 
between January and March 1974 have been omitted. 
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Figure A-2. Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 17 profile lines, 
October 1973 to December 1974. 
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Figure A-2. Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 17 profile lines, 
October 1973 to December 1974.--Continued 
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October 1973 to December 1974.--Continued 
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Figure A-2. Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 1/ profile lines, 
October 1973 to December 1974.--Continued 
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Figure A-2. Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 1/7 profile lines, 
October 1973 to December 1974.--Continued 
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Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 17 profile lines, 
October 1973 to December 1974.--Continued 
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Figure A-2. Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 1/7 profile lines, 
October 1973 to December 1974.--Continued 
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Plots of cumulative change to the shoreline, waterline, bluff 
line, beach volume, and bluff volume for the 1/7 profile lines, 
October 1973 to December 1974.--Continued 
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One important, though not well understood parameter frequently mentioned 
with respect to Great Lakes coastal processes is beach widthe As defined in 
Section II, beach width refers to the distance from the base of the bluff to 
the changing waterline, not to the shoreline which refers to a constant eleva-— 
tion regardless of lake level. This distinction can be important, particu- 
larly if the datum defining the shoreline is much lower than the lake level. 
For this reason, the datum was redefined from that used by Davis (1976) to the 
mean monthly lake level between October 1973 and December 1974. To get some 
idea of the influence of changing lake levels on the beach width, the distance 
to the average monthly lake level intercept, relative to the initial position 
of the shoreline, was computed for each month and profile line. This is plot- 
ted as the waterline in Figure A-2 (a to r). Solid triangles along this line 
indicate that the actual beach was narrower than that defined by the shore- 
line; open triangles indicate a wider beach. The effect is seasonal with 
wider beaches during late fall and winter lake levels and narrower beaches 
during spring and summer. At some of the profile lines, where the foreshore 
slope is mild, the difference between the shoreline and waterline positions 
can be significant. As expected, shoreline changes and beach volume changes 
are well correlated. 


The importance of beach width can be clearly seen in Figure A-2 (q). The 
severe bluff erosion at profile line 16 did not begin until after the fairly 
wide beach (shown in Fig. 4) eroded. From October 1973 to April 1974, the 
amount of beach erosion was less than the amount of bluff erosion. After 
April, the amount of bluff erosion exceeded the amount of beach erosion and 
continued to increase. 


The relationship is not obvious at the other profile lines, possibly 
because unlike profile line 16, most of the other lines were in transition 
from a period of severe erosion to one of mild erosion or even accretion. As 
mentioned previously, this transition is the result of the combination of sta- 
bilizing lake levels and no major storms. 
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APPENDIX B 
PROFILE LINE DOCUMENTATION AND PHOTOS 


This appendix provides ground photos and monument documentation for each 
of the 17 profile lines. Also included are short discussions of the changes 
which occurred between October 1973 and December 1974. Table B-1 gives the 
position of the bench mark and the last measured bluff crest position for each 
profile line. 


Table B-l. Location of the bench mark and bluff 
crest at each profile line during the 
final survey, 2-5 December 1974. 


Profile Range location Bluff crest 
line of bench mark location 
(ft) (ft) 
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ITwo distinct bluff crests. 


This information complements the information given in Davis, Fingleton, 
and Pritchett (1975) and Davis (1976). Davis, Fingleton, and Pritchett (1975) 
provided aerial photos of each line along with a description of the location 
of each monument. Since many of the original monuments have been replaced, 
current documentation is included. Also included are comments pertaining to 
the status of each monument as of May 1976, the date of the last CERC trip to 
the area. 


The ground photos were made from color slides taken during surveys between 
October 1973 and December 1974 or during the May 1976 field trip. Generally, 
one photo shows the general characteristics of the profile line including 
bluff height, beach width, vegetation, local structures, and bluff composi- 
tion. The second photo illustrates important characteristics not shown in the 
first photo or a significant change to the characteristics (e.g., a large 
change in beach width). The entire set of slides, which provides an invalu- 
able record of the profile line changes, is available through the CERC slide 
library. 


The short, descriptive discussions of each profile line are continuations 
of similar discussions in Davis, Fingleton, and Pritchett (1975) and Davis 
(1976). 
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8 May 1973 - Note 
U.S. Coast Guard 
station and groins 
in background; also 
wide pebble beach. 


4 November 1974 - Beach is 
noticeably wider with more 
sand than in above photo. 


Profile Line l. Distinctive feature of this profile line is the pebble 
foreshore. The bluff is actually a vegetated dune. - Deposits of heavy 
minerals are common. The bluff was stable during October 1973 to December 
1974, though the beach was active particularly in late 1973. Between October 
and November, 10.2 cubic meters per meter eroded. This was followed by a long 


period of accretion. Final profile configuration in December 1974 was similar 
to October 1973 (see Fig. 9). 
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9 May 1976 - Sand 
and pebble beach 
decreases in width 
from the profile 
line to the south. 


12 August 1974 - Beach is almost 
nonexistent due to high summer 
lake level. 


Profile Line 2. Very steep sand bluff with active erosion below the 8.3-meter 
contour. Bluff above this contour is well vegetated. Wide range of sand and 
gravel (almost no silt) found on beach. Bluff relatively stable during Davis 
(1976) surveys with the greatest amount of retreat, 3.4 meters, occurring 
after November 1973. Beach also relatively stable between October 1973 and 
December 1974. The stability of this profile line is perplexing. Davis, 
Fingleton, and Pritchett (1975) reported that nearby areas had severely 
eroded. 
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9 May 1976 - Fresh 
scarping south of 
the seawall is evi- 
dence of continued 
erosion after sur- 
veying ceased in 
December 1974. 


7 May 1973 - View 
to the south show- 
ing sand beach and 
bluff, gravel fore- 
shore. 


Profile Line 3. Predominantly sand bluff and backshore; gravel found on fore- 
shore. This profile line had retreated significantly during the Davis (1976) 
surveys. Between October 1973 and December 1974, the crest of the bluff 
retreated 3.4 meters in increments of 0.6 meter or less. The beach remained 
stable in the last study period. 
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9 May 1976 - View to 
north showing wide 
sand beach. Note 
offset between beach 
and seawall (to left 
of white tower). 


12 August 1974 - Narrower beach than 
shown in photo above; well-vegetated 
dune crest. 


Profile Line 4. Davis (1976) speculated that this sand dune profile line may 
be affected by a seawall located about 100 meters to the north. This is not 
unlikely as the dune at this profile line retreated more than any of the other 
profile lines during the study. Only 0.6 of the total 19.5 meters of reces-— 
sion occurred between October 1973 and December 1974. The beach was very 
active with evidence of both overall beach accretion and erosional scarps 
appearing in the 4-week interval between surveyse There was a net increase 
in beach volume between October 1973 and December 1974. 
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9 May 1976 - Wide 
beach, gravel fore- 
shore; seawall 
located south of 
the profile line. 


10 September 1974 - View to the 
northe Beach much narrower than 
in above photo. A seawall located 
north of the profile line is be- 
hind the surveyor. 


Profile Line 5. The sand bluff at this profile line was stable from October 
1973 until March 1974 when it retreated 1.5 meters, causing the trees shown 
above to fall onto the beach. This was followed by an additional 0.3 meter of 
recession in May 1974 and 0.6 meter in August 1974. For most of the period, 
the beach was narrow but stable. The beach accreted in the fall of 1974. 
Beach composition was mostly sand with deposits of gravel on the foreshore and 
some till found on the bluff. 
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9 May 1976 - Wide 
beach, mildly sloping 
dune; compare with 
photo below. 


10 September 1974 - Steep 
bluff face is evidence of 
recent erosion. Beach is 
narrow. 


Profile Line 6. The sand bluff at profile line 6 is located north of the 
lighthouse at Little Sable Point. Though the configuration of the beach was 
about the same in October 1973 as December 1974, it went through a cycle of 
accretion in the fall of 1973 and erosion in the summer of 1974. The fall 
accretion was accompanied by 2.1 meters of bluff recession. The bluff con- 
tinued to recede during 1974 but in small amounts during March, May, July, 
September, and October for a total recession of 3 meters. The beach was 
predominantly sand with only infrequent gravel deposits. 
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9 May 1976 - Wide 
beach in this photo 
is in marked contrast 
to photo below taken 
2 years earlier. 


23 April 1974 - Narrow sand 
beach. Note fallen trees 
and vegetation on bluff. 


Profile Line 7. Most of the bluff recession at this profile line occurred 
before October 1973. The low bluff is comprised of sand and till and is well 
vegetated. The beach was slightly erosional from October 1973 to September 
1974, but accretion during October to December 1974 resulted in a net increase 
in beach volume for the period. Except for 0.6 meter of recession in July and 
August 1974, the bluff was stable. 
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9 May 1976 - View 
from edge of road- 
way toward profile 
line (see diagram 
on facing page). 
Profile line runs 
next to the first 
tree from the left. 
Note narrow beach 
and shoreline off- 
set. 


23 April 1974 - Relatively wide 
beach with extensive band of 
heavy mineral sand. 


4 


Profile Line 8. As mentioned in the text, profile line 8 proved to be one of 
the more interesting lines. Recession of the steep sand bluff had occurred 
more or less sporadically during the first 3.5 years of surveying. Then in 
1974 the beach and bluff eroded significantly. The bluff retreated 10 meters 
as the active erosion moved upward 4 meterse The dramatic increase in erosion 
caught the surveyors by surprise and the bench mark was lost in April 1974. 
The close proximity of the profile line to the reveted roadway may help to 
explain this severe erosion, which has continued. In May 1976, the bench mark 
was found lying on the bluff face. This is an indication that an additional 2 
to 3 meters of bluff had eroded in the 1.5 years after December 1974. 
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8 May 1976 - This 
pure sand beach is 
a dramatic change 
from the photo 
shown below taken 
2 years earlier. 


23 April 1974 - Obvious erosional 
period following the winter. 


Profile Line 9. Between October and November 1973, the sand bluff at profile 
line 9 receded 3.4 meters. This recession was accompanied by beach accretion 
which continued until January 1974. Additional recession occurred during 1974 
but in amounts less than 0.9 meter. The beach and bluff are almost 100 per- 


cent sand. Gravel is uncommon. Final beach configuration was similar to that 
found in October 1973. 
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8 May 1973 - View to 
north; note lack of 
beach, steep slope. 


17 July 1974 - View north showing 
seawall. Note gray clay till 
outcrop in center of photo. 


Profile Line 10. The box-type seawalls with permeable sides, located both 
north and south of this profile line, are evidence of a history of erosion. 
Severe erosion of 10 meters during the fall of 1970 and 1971 uncovered a bed 
of clay till below the sand bluff. This tended to stabilize the bluff through 
1972 and 1973. However, the near-vertical face of the till layer began to 
erode during 1974. The absence of any significant beach undoubtedly contrib- 
uted to the erosion. 
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This site is located between Port Sheldon and Holland at 396 Lakeshore DR. 
Reference point is apporximately halfway down the bank behind the residence. 
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8 May 1973 - Wide 
sand beach, vege- 
tated dune. Shack 
on beach and steep 
bluff face are evi- 
dence of recent 
erosion. 


8 May 1976 - Wide beach 
covered with heavy 
minerals. 


Profile Line ll. This profile line is located in a heavily developed area. 
The line crosses a vegetated dune which accreted between October 1973 and 
December 1974. This is in contrast to earlier years. The lack of severe 
storms combined with a substantial beach probably accounted for the reduced 
erosion. The beach grew significantly between October and November 1973, 
though much of the accreted sand was removed by December 1973. A general 
increase in beach volume occurred during 1974. Beach and bluff are composed 
of predominantly sand, though some gravel was found on foreshore. 
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and drive apnorximately 300'to Douglas Township Park and public beach. 
Proceed down the pathway over the bank and down the steps to the last 
plateau before the beach. The reference point is approximately 25! north 
of the landing. 
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8 May 1973 - Wide, 
mildly sloping beach 
with gravel fore- 
shore. Note inden- 
tation of shoreline 
in middle of photo. 


19 June 1974 


Profile Line 12. Like profile line 11, the bluff at profile line 12 was 
Stable between October 1973 and December 1974, and the beach accreted. The 
low bluff is composed of sand and is vegetated by large trees and brush. 
Beach accretion began in April 1974 and continued until December 1974. 
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8 May 1973 - View 
north toward the 
profile line. Note 
width of beach in 
foreground and 
indentation near 
surveyors. 


11 September 1974 - Closeup of 
till bluff. Beach is narrower 
than in above photo. 


Profile Line 13. The till bluff at profile line 13 retreated the least of all 
17 profile lines. The stability of the area is primarily a result of the com- 
position of the bluff but may also be due to a coastal protuberance composed 
of till located to the south. The major change between October 1973 and 
December 1974 was a small amount of bluff recession of the bluff crest (0.3 
meter) and a steepening of the base of the bluff. This steepening was accom- 
panied by erosion of the beach. By May 1976, the area appeared to be seri- 
ously eroding. There was almost no beach, and the property owner had placed 
large concrete blocks just offshore in hopes of dissipating some of the wave 
energy. 
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8 May 1973 - Steep 
sand bluff face 
with imbedded peat 
layers; narrow 
beach. 


15 August 1974 - View onshore show- 
ing blowout. For perspective, tran- 
sit is at an elevation of 9 meters 
(above the lake level). Dead trees 
in background are at 40 meters, and 
are about 80 meters landward of the 
bluff crest. 


Profile Line 14. This profile line is located at the base of a large blowout 
in some of the highest dunes in western Michigan. As shown in the photos, 
there are peat and till layers visible across the bluff face. Most of the 
bluff erosion occurred in the fall of 1972 and the spring of 1973. An addi- 
tional 1 meter of bluff recession occurred between October 19/73 and December 
1974. The beach during this time was going through cycles of erosion and 
accretion. Though significant beach erosion occurred in April, July, and 


October 1974, there was no net change in beach volume between October 1973 and 
December 1974. 
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| 
Edge of 
Seawal| 


8 May 1976 - Severe erosion 20 June 1974 - Profile line 
to the area in foreground runs just north of seawall 
has caused extensive loss of which was constructed in 
trees. Note location of late 1973. 

seawall. 


Profile Line 15. Except for a loss of 1.2 meters following the March 1973 
storm, and a similar loss in 1974, the till bluff at profile line 15 was 
relatively stable throughout the study- The top of the bluff is forested and 
the adjacent areas are developed. The erosion in early 1973 and the lack of a 
fronting beach probably resulted in the construction of the seawall (pictured 
above) adjacent to but not in front of the site. The beach continued to be 
narrow and frequently nonexistent in 1974. 
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8 May 1973 - Major 
feature is width of 
beache 


8 May 1976 - Similar view 
as above but 3 years later. 
Beach is narrow or non- 
existent; bluff is steep 
and recently eroded. 


Profile Line 16. As mentioned in the text, line 16 is probably the most interesting profile line in 
terms of changes between October 1973 and 1974. During this time period, the entire profile (both 
beach and bluff) eroded, losing more than 85 cubic meters per meter of sande The sequence of events 
was for severe beach erosion in November and December 1973 followed by recession of the bluff begin- 
ning in January 1974. Except for a period of bluff stabilization and beach building in May 1974, the 
erosion continued through all of 1974. Field trips in May and October 1976 found narrow beaches and 
an assortment of concrete and sandbag shore protection devices along the shore southward from profile 
line 16. The cause of this erosion is discussed in Section V, 4 and in Birkemeier (1980). 
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8 May 1973 - Large- 
scale slump of upper 
part of till bluff. 


16 August 1974 - Note failing 
bluff line and accretionary 
beach ridge. Dark patches on 
the foreshore are periodic 
gravel deposits. 


Profile Line 17. As mentioned in the text, the till bluff at profile line 17, 
unlike the till bluffs at profile lines 13 and 15, suffered serious erosion 
during the study. Total recession equaled 38 meters, of which only 1 meter 
occurred in the spring of 1974. Movement of the bluff occurs through large- 
scale slumping which moves trees and grass down the bluff face. The higher 
erosion here than at profile lines 13 and 15 may be explained by examining the 
ground waterflow at each profile line. It is likely that there is a greater 
ground water effect at profile line 1/7. 


89 


ewolyee bated bate ‘% 


4 n peed oe 
Prada bated a0): hia 


aa ‘3. balbiye Wed 
Npix di 
Ltt ee < 3 aut fs UPS abalone ay wale DEORE 


ninimaxs ud batt alqns ext Te th ‘he : 


: fi CL pont si banae 
feses7g ral s79H4 Sant eels at ia nel fo ey 


L¢9 e-18 °ou awTgsn* €02OL 


°7-1@ °OU J1Ode1 snosueTTeISTW °19qUa) YoAeesay BuTIs9UTSUy 
TeISeOD *S*N $8eTeS “II] “eTIFL “Il cuesTyoTW syxeT *¢ = *STeAayT 
SAFI °h suoTsorg °¢ *sqUdUTpes yoeeg °Z eaTtjoad yoreg °°] 


euesTYUOTW eXeT JO ae10Yys ursqsea 
ay BuoTe pazeooT seuT{T eTryoad /] jo Apnqs szeak-y e& Jo Y4rodai eur 
2u3 st II °3~ BSuTTTOAUOD si10j9eF BYU pUe UOoTSsadveI JyNTq sayeT 
322815 jo Butpuejsiepun oy esaoidwy oj peysttqnd st yazode1 styl 


*sadueteyea [eoTYdeiZ0TTqGTq sepntouy 
(7-18 °ou { izaqUaD YoOIeesey SuTAsveUTSUy 
jTeyseoj) *S°n -- jyaodei snoaueTTessTW) -- °wo /Z : °*TIT : d [68] 
*T861T Se0TAIeS uoT}eWIOFZUT 
Teoruyosey, TeuotqeN Worry otTqetTreae : “eA ‘pTetTs8utads { daquag 
yoieasey BuTIseuTsuq Teyseoyn "S*n : *eA SATOATEG JIO_ -- ASToOMsHATY 
°*y wetTTIM 4q / 4/-O/61 ‘SuUeSTYOTW aye] Ureqsea ‘sa8ueyd TeIseOD 


*y WETTTIM ‘1eTewexITY 


179 CalCieou awTscn* €0ZOL 


*Z7-18 °OU JA1ode1 snosueTTe0STW °1eqUa) YoIeessy BuTIsS.UTSUY 
Teqyseop "Sn =:SeTaS “IT "eTITL “I 4 cueSTYOTW aHeT *G = *STeAeT 
axel °h *uoTsolg °¢ *squoUtpes yorog °7 eoTtyoid yoeog °T 


eueSTYoTW exe] JO vs10YyS uraqsea 
ay} BuoTe pezed0T seuTT eTtTjyoad /]T jo Apnqs aesk-y e jo aodea TeuTy 
aya st 41 °IT BuTTTo1qUOD s1i0q9eF sy puUe UOTSSaderT J5nTq sayey 
qee19 jo B8uTpuejsrepun ay} aaAoidmt of} poeysttqnd st yjaodez sty 


*saduatejeil TeotydeaZ0TTqrIq sepnTouy 
(7-18 °Ou £ ZeqUeD YDIeaSey BuTIseuTsuyq 
Teaseo) °S*n -- jiodei snosueTTeostTW) -- °wo /Z7 : “TTT : «d [6g] 
"1861 SeoTAIag uoTJeMIOFZUT 
Teotuyoey TeuoTJeN Woy aTqeTTeae : -°eA ‘SpTety3utads {£ dJaquay 
yoieesoy BuTseutTsuq Teyseoyn °S°n : °eA SATOATOG 410g -- ASTOWayIT_ 
°y WeTTTIM Aq / 4/-OL61 ‘SueSTYOTW aye] udeqsee ‘sa8ueyo T[eIseOD 


*y WETTTIM ‘leTewexiTg 


£09 c=18 °ou AwT ssn €07ZOL 


*Z-18 °OU Jiode1 snooueTTe2sTW *1aqUa YoIeesay SuTrseUuTSUy 
Teqseop *s*n :setteg °IT Cees Sit eueSTYOTW SxeT °C *STOAeT 
ayPT °b *uoTsoly °¢ *squoutTpes yoereg °Z *aTryoid yoeog °{ 


*uesTYOTW ByYeT JO eAoys useqsea 
ay. suotTe peqeoot sout,T eTtyoad /] jo Apnqs 3zesk-h e jo jaode1 TeuTF 
aud st II °32 BUTTTOAJUOD sz0jDeF BYR puUe UOoTSSedeqT FynTq soyeT 
yeei9 jo SutTpueysiepun oy eAoidmt 0} peysttqnd st yaodea stu 


*saousteyel TedTydeiZ0T{[qTq saepntouy 
(7-18 °oOu £ ABqUaD YoAesSoy BSuTIsveUTSUq 
Te3seoD °S*n -- jaode1 snooueTTe0SstTW) -- °WD /Z7 : *TIT : °d [68] 
“1861 ‘a0TAIeS uoT eMIOFZUT 
TeoTuyoey, TeuOTJeN WOIZ osTGQeTTeAe : c*eA ‘pTeTFy8utadg {£ dAsquag 
yoieesey BuTiseuTsuq TeqyseoD °Ss°n : °eA SATOATEeG JIOY — ABToOWoyATY_ 
*y WeTTTIM Aq / ¥/-OL61 ‘SuesTYOTH eyeT Ulezsea ‘saZueyd TeISseOD 


°y WETTTIM ‘leTomeyATY 


129 ¢c=18 OU AWTS8SN* €0ZOL 


*Z-1g °ou J1odel snosueTTe9STW °1eqUS) YoIReSsy BuTAIsveUTSUY 
Teqseop *S*n :setieg “II “eTITL “I cue8TyoTW eye] °G = *sTeAeT 
axel °h *uoTsorq °¢ *sjudUTpes yoeeg °Z eaTTyoid yoreg ° | 


euesTyoTW exe] JO eioyus ulejsee 
ay BuoTe peqyes0T sauTT eTtyoad /{T jo Apnys aeak-y e& Jo yaodeir TeuTs 
eu st al *qI BuT[To1juoD si0jDeF DY puUe UOTSSad.e1 JINTq sayeyT 
389159 jo ButTpueqsiepun oy eaoidmt 0} payst{qnd st jaodar styl 


*saouetayel TeotTydeiZ0TTqTq sepnypouy 
(7-18 °ou § iajuaQ YOseesey BSuTs0UuTZUq 
Teqseojg °S*n -- Jaodei snosaue{Te9stTW) -- °wo /Z : °TTF : °d [68] , 
“1861 ‘Se0TATeg uoTeWIOFZUT 
Teotuyoe, [euoTJeN Worz oTqeTTeae : cea ‘ptetysutadg { a1aquUaD 
yoreesay ButiseuTsuq Teqiseo) “*Ss°n : “eA SATOATEG JAOY —— ABaTOWSyATY 
*y wetTTIM 4q / /-OL6T ‘SuesTYSTW eye] utejsea ‘seBZueyo Te SPO) 


*y WETTTIM ‘leTowexITE 


sg dee 


A 


